ABSTRACT
Knowledge of the different physiology and endothelial markers present in tumor vessels is essential to enable both the development of new anti-angiogenic chemotherapeutic agents and of more specific imaging techniques. Tumor blood vessels are disorganized, irregular in caliber, tortuous, and do not have specialized features of normal arterioles, capillaries or venules. Neo-angiogenic tumor vessels have large gaps between or through cells, loose pericytes, and discontinuities or redundant layers within the basement membrane, rendering these vessels hyper-permeable. Furthermore, the endothelia of tumor vessels may express unique markers on their surface. Imaging is becoming increasingly important in the evaluation of angiogenesis. Clinical imaging is minimally invasive and enables sampling of the whole tumor in a nondestructive manner. The patterns of increased permeability seen on Dynamic contrast-enhanced Magnetic Resonance Imaging (DCE-MRI) mirror the known ultrastructural defects associated with angiogenic vessels. Conventional low-molecular weight contrast agents are currently in clinical use for DCE-MRI studies and have proven successful in detecting changes related to novel angiogenic inhibitors. However, they are relatively nonspecific. Macromolecular contrast media may be more suitable for imaging tumor vessels. It is hoped that imaging modalities can be adapted to specifically target markers expressed on the endothelium of tumor vessels. The number of cell surface markers of angiogenesis is relatively low, and only small amounts of contrast agents can bind to these receptors; currently only Positron Emission Tomography (PET) and Single Photon Emission Computed Tomography (SPECT) tracers have sufficient sensitivity to allow detection at this low level. Despite limitations in their spatial resolution, PET and SPECT imaging are more likely to enter the clinic as targeted angiogenesis imaging methods. The quest for selective targets on the tumor vasculature continues, currently the integrin family of receptors offer the most promise but other targets are being pursued by investigators. Serial analysis of gene expression or in vivo phage display may help identify new, more selective, markers that can be utilized for the targeted imaging and treatment of angiogenesis.
INTRODUCTION
Tumors sustain their growth and expansion by recruiting new blood vessels via angiogenic sprouting of existing vessels. Most tumors have a rich vasculature, but the blood vessels are highly abnormal and the vascular network is chaotic and dysfunctional. As a result, blood vessels in tumors differ from those in normal organs, in some cases having an increased blood volume and leakiness -expressed in clinical imaging as the vascular permeability/surface area product (PS). Angiogenesis inhibitors are designed to exploit these differences, with the goal of eliminating tumor vessels without destroying the normal vasculature.
The molecular diagnosis of angiogenesis relies on the identification of particular markers specific to the endothelium of angiogenic vessels. Angiogenic vessels can be identified by immunohistochemical staining using antibodies to CD31, VEGFR-2, CD105 and other markers of endothelial cells. The classic method of assessing angiogenesis is to measure the microvascular density by staining for endothelial cells using the marker CD31. By simultaneously staining for multiple molecular markers of angiogenesis at the cell and cellular organelle level, it is possible to localize angiogenic vessels. However, many normal blood vessels also express these markers and histological methods are based on fixed tissues, are inherently invasive, do not provide information about the real-time physiologic state of the microvasculature, and do not permit monitoring of dynamic cellular processes in vivo.
Clinical imaging, which is minimally invasive and safer than repeated biopsies, is an attractive approach for following tumor response to therapy in humans. Contemporary clinical imaging methods include computed tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET), single photon emission computed tomography (SPECT), ultrasound (US), and optical imaging. Clinical imaging is able to exploit the morphologic and physiologic differences between normal and neo-angiogenic vessels in tumors, thus permitting a non-destructive assessment of tumor vascularity. Furthermore, contrast agents targeted to endothelial markers of angiogenesis have been developed for imaging modalities with sufficient sensitivity to allow clinical detection of molecular markers of angiogenesis in vivo. Progress in this direction has been made primarily in PET, SPECT, and MRI imaging.
Early biomarkers of clinical outcome in response to angiogenic inhibitors are being sought in drug trials since these drugs are often very expensive and early biomarkers may make it possible to show that the therapy is failing long before tumor progression can be measured. Since it is widely understood that these therapies may be cytostatic rather than cytotoxic such early biomarkers become useful indicators of success or failure since they are not based on anatomic changes within the tumor. This is particularly true during the early phases of drug development where the greatest savings can be realized. Both drug developers and clinicians alike use imaging to determine if a drug "hits the target" soon after administration to the patient. Of course, a far more difficult determination is whether the drug is successful in prolonging the survival of the patient. The process by which an imaging "biomarker" becomes a "surrogate" marker -i.e. one that predicts patient outcome -is long and requires much validation, but is the ultimate goal of the imaging studies described here.
Angiogenesis imaging techniques fall into two broad categories: those exploiting the abnormal physiology of the neo-angiogenic tumor vessels and those targeting specific endothelial markers of angiogenesis. Dynamic Contrast Enhanced-MRI (DCE-MRI) has recently emerged as the most widespread method for both diagnosis and follow-up of cancers during anti-angiogenic therapies (1) (2) (3) (4) . Molecularly targeted imaging techniques such as PET and SPECT are being developed to provide in vivo molecular characterization of the microvasculature.
Herein, we review the abnormalities of tumor blood vessels that can be exploited by clinical imaging techniques and the expression of molecules on components of tumor vessels that make it possible to target imaging agents to tumor vasculature. With this background, we then focus on functional studies of the microvasculature, exemplified by DCE-MRI, and targeted molecular studies of the microvasculature, exemplified by integrin targeted PET scans.
ABNORMALITIES OF TUMOR BLOOD VESSELS
Normal blood vessels are lined by a wellconstructed monolayer of tightly joined endothelial cells ( Figures 1A-B) . The barrier function of the endothelium limits vascular permeability and transendothelial flux of macromolecules. Pericytes or smooth muscle cells are tightly apposed to the abluminal (basal) surface of endothelial cells, and both cell types are enveloped by the basement membrane. The luminal surface of the normal endothelium is usually smooth, and adjacent cells are joined tightly together ( Figure 1B ). Endothelial cells rarely sprout or divide because most normal blood vessels are quiescent.
Blood vessels of the normal microcirculation are organized in a hierarchy of arterioles, capillaries, and venules, each having distinctive structural and functional characteristics. The microcirculation has many organspecific specializations, but hierarchical organization is a consistent feature of the microvasculature of all normal organs. In tumors, blood vessels are abnormal in multiple respects. Tumor vessels do not have specialized features of normal arterioles, capillaries or venules and lack hierarchy. Instead, tumor vessels are disorganized, irregular in caliber, tortuous, and have a bizarre branching pattern (5) . All components of the wall of tumor vessels are abnormal. Endothelial cells may overlap one another, form multiple layers, and have cytoplasmic processes that project into or across the vascular lumen ( Figures 1C-D) (6) . Endothelial cells of tumor vessels do not have normal intercellular junctions. Gaps between or through cells ( Figure 1E ) render tumor vessels leaky to plasma and prone to hemorrhage (6) . Extravasated plasma leads to fibrin deposits (7) . Endothelial cells of some tumor blood vessels have clusters of fenestrations that are 80-nm in diameter ( Figure 1F ), but these are not unique to tumor vessels. Endothelial fenestrations can be found in normal organs in the presence of high levels of vascular endothelial growth factor (VEGF) (8) . Inhibition of VEGF signaling reduces endothelial fenestrations both in tumors and in normal organs (8) . Furthermore, tumor vessels are dynamic. They grow, regress, and constantly change. Blood flow in individual vessels may change directions. Consistent with their dynamic nature, tumor vessels have abundant endothelial sprouts. In tumors, sprouts have a haphazard distribution over the abluminal surface of endothelial cells, (6) . G. Confocal microscopic image of blood vessels (green, stained for CD31) in untreated Lewis lung carcinoma grown subcutaneously in a mouse. Anti-fibrin antibody was injected intravenously 6 hours before sacrifice to stain fibrin deposits (red) and localize sites of plasma leakage. Most staining was in a band at the perimeter of the tumor (arrows). Bar: 200 µm. Reproduced with permission from (7) . H. Confocal microscopic image of blood vessels (green, stained for CD31) in Lewis lung carcinoma grown subcutaneously in a mouse, then treated with a small molecule inhibitor of VEGF receptor tyrosine kinases. After treatment, regions of fibrin (red) stained by extravasated anti-fibrin antibody are more abundant around vessels within the tumor (arrows). Bar: 200 µm. Reproduced with permission from (7). and are not restricted to their usual location at the tips of growing vessels.
As with the endothelial cells of tumor vessels, the pericytes and basement membranes that surround the endothelium are also abnormal. Pericytes are loosely associated with endothelial cells (9) , and functional relationships between the two types of cells are disturbed (10). Basement membrane, which is made by and envelops endothelial cells and pericytes, may be abnormal in thickness and have discontinuities, redundant layers, and an abnormal composition. Abnormal matrix molecules such as the oncofetal form of fibronectin with an extra-domain B (ED-B) and metalloproteinases may be present (11, 12) . Beyond the abnormal vasculature, the tumor stroma contains activated fibroblasts, myofibroblasts, macrophages, or other immune cells (13, 14) . It has been demonstrated that in implanted tumors in preclinical models ( Figure 1G ), and in some human tumors, that blood vessels are especially abundant, dynamic, chaotic, and leaky at the perimeter, unlike the more sparse vasculature in the interior where regions of necrosis are common (7). However, tumor vessels regardless of their location do not become 'established' in the sense of the stable vasculature of normal organs. Their abnormalities persist, but the severity of the defects may vary from region to region within a tumor, from tumor to tumor, and with the growth rate and aggressiveness of the tumor.
One of the consequences of the structural defects in the endothelium of tumor vessels is the potential for increased leakage of plasma, both in relation to the amount of extravasation and to size of substances that cross the endothelium. The obvious gaps and holes observed in the endothelial cell barrier offer a route for increased leakiness of tumor vessels. Macromolecules and particles that do not extravasate from most normal blood vessels can leak from tumor vessels (15) . Physical gaps between endothelial cells and holes through the cells serve as points of extravasation and explain the increased leakiness (6). However, endothelial permeability does not alone determine the magnitude of transendothelial leakage or flux from blood vessels, and other pathways may also contribute (16) . The amount of leakage is governed not only by the physical porosity of the barrier but also by vascular surface area and the balance of hydrostatic and osmotic driving forces across the barrier, as formally defined by the Starling equation (17) which, in turn, is related to the capacity of the peritumoral lymphatics to drain excess fluid from the tumor periphery.
Most tumors have less blood flow than would be expected based on their vascularity because the tumor vasculature is relatively inefficient as a delivery system for oxygen and nutrients. As a consequence, regions of tissue hypoxia or necrosis are common despite apparently excessive amounts of microvasculature. Also, despite the abnormal leakiness of tumor vessels, convective transport of macromolecules to tumor cells is impaired. High interstitial pressure, which results in part from the relative insufficiency of functional lymphatic vessels for drainage of extravasated fluid, reduces the hydraulic driving force for extravasation and thus the transendothelial flux of molecules that move by convection (18, 19) . Interstitial pressure becomes progressively greater toward the tumor center. An important challenge is to reconcile preclinical and clinical estimates of endothelial barrier function and transendothelial and intratumoral transport of macromolecules (20, 21) and will require the coordinated measurements of vascularity and interstitial pressure in human tumors (20, 22) .
The dynamic nature and growth factordependency of tumor vessels can be exploited by angiogenesis inhibitors, which not only interfere with tumor vessel growth, but also cause regression of a significant proportion of the vasculature in some tumors. Second, the abnormal leakiness of tumor vessels can be exploited to selectively expose tumor parenchyma to large molecules such as viral or liposomal therapeutic vectors that do not cross the normal endothelium. This abnormal 'leakiness' of tumor vessels can also be exploited by clinical imaging to locate and follow the size of primary tumors or metastases. It is hypothesized that if the abnormal tumor blood vessels can be therapeutically 'normalized', then the delivery of other therapeutic agents to the tumor can be improved (20) . Inhibitors of VEGF signaling and other angiogenesis inhibitors tend to correct the structural and functional abnormalities of tumor vessels that survive treatment (8, 20) . Although overall tumor vascularity decreases, surviving tumor vessels are less leaky and have increased conductance, and lower interstitial pressure (20, 22) . Such normalization leads to increased local blood flow and improved delivery of macromolecules to tumor cells ( Figure 1H ) within a critical distance from normalized tumor vessels (20) . Improved blood flow will also reduce regions of hypoxia, low glucose and acidosis that are common in tumors, rendering tumor cells around normalized tumor vessels more susceptible to radiotherapy (22) . In the next section we consider an in vivo imaging modality that relies on vascular permeabilitysurface area.
DYNAMIC CONTRAST ENHANCED-MRI (DCE-MRI)
DCE-MRI provides both detailed morphological and functional information about tumor microcirculation in the same study. DCE-MRI can also monitor the effects of anti-angiogenic therapies without requiring exposure to ionizing radiation. DCE-MRI studies provide estimates of vascular permeability/surface area product (PS) and extravascular volume (v e ) by measuring the leakage rate of low molecular weight MR contrast agents into tumors. This method has emerged as a useful technique for noninvasive imaging of tumor vasculature in preclinical and clinical models. The underlying basis for the success of DCE-MRI can be readily understood from the structural abnormalities in the integrity of the endothelial surface of angiogenic blood vessels.
DCE-MRI acquisition design
DCE-MRI is the rapid acquisition of serial MR images before, during, and after the bolus injection of an intravenous gadolinium-based contrast agent. Low molecular-weight (LMCM) or macromolecular-weight contrast molecules (MMCM) can be used for DCE-MRI. The majority of DCE-MRI studies performed clinically rely on FDA approved LMCMs. Gadolinium-chelates are used for such studies (at a usual dose of 0.1 mmol/kg), and are typically administered by means of a mechanical injector to ensure rapid and consistent injections. In order to obtain valid estimates of tumor response, it is important that the same region of tumor is imaged in the same way on each patient visit. For this reason, the target lesion(s) need to be pre-selected and three-dimensional (3D) protocols, which provide data over the whole tumor, are preferred. Dedicated receive-only-coils, and breath-hold techniques, when needed, are used to maximize signal to noise ratios and minimize body motion artifacts. A typical dynamic scan consists of three dimensional (3D) spoiled gradient echo images after the intravenous injection of a low molecular weight Gadolinium chelate, allowing image acquisition within a reasonable time-span (i.e. 5-15 seconds per 3D data set). Baseline T1 and T2 weighted MRIs are also obtained to provide detailed anatomic depiction of the tumor, whilst the dynamic scans provide functional information about the response of the microvasculature to therapy (23).
DCE-MRI ANALYSIS
Pharmacokinetic quantitative analysis of DCE-MRI is the method by which vessel permeability changes are measured. DCE-MRI data is typically analyzed with a variant of a two compartment pharmacokinetic model and the archetype of these models is the "Tofts' twocompartment kinetic model" (24) . In this two compartmental model, an injected contrast agent leaks into the extravascular, extracellular space (EES) at a rate predicted by the vessel's permeability and surface area. Angiogenic vessels would be expected to be very leaky and thus have a rapid forward leakage rate. The contrast agent then leaks back from the EES to the vascular space at another rate constant which is also increased in tumor vessels (3, (24) (25) (26) (27) (28) . In order to quantitate these rate constants, the "arterial input function" is usually measured. This is obtained by measuring the signal from an artery in the vicinity of the tumor. Inclusion of the input function compensates for changes related to the rate of injection and the cardiac status of the patient.
In addition to the arterial input function, the tissue T1 must be determined. This is needed because the relation between the tissue Gadolinium concentration and the change in signal intensity is dependent upon the baseline T1 of the tissue. This is unlike CT in which there is a fixed relationship between iodine concentration and Hounsfield units (the unit of CT density), regardless of the baseline attenuation. Thus, it is necessary to obtain a "T1 map" prior to injection. This allows the conversion of MR signal intensity into Gadolinium concentration. T1 maps are typically created by imaging the tissue prior to contrast agent administration with varying repetition times of the initial pulse sequence or varying flip angle.
Once the arterial input function and the T1 of the tissue are determined, the two compartment model can be used to fit the time signal data to curves whose parameters are h the rate constants of the two compartment model which include K trans (forward flow rate; a combination of flow and PS), k ep (backflow rate), Ve (volume of the extracellular, extravascular space), and FpV (fraction of plasma volume). Another parameter which is helpful is the "area under the gadolinium concentration curve" (AUGC) which provides an index of the total leakage of contrast media within the tumor over a fixed time. Early after antiangiogenic therapy these quantitative DCE-MRI parameters decrease dramatically. This is likely due to reductions in vascular PS and pruning of vessels resulting in lower blood flow.
DCE-MRI in drug trials -preclinical experiences
Quantitative DCE-MRI with LMCMs was initially tested in pre-clinical drug trials involving tumor models. Typical of these experiments is Marzola et al who investigated the anti-angiogenic effect of SU6668, an oral small molecule, inhibitor of the receptor tyrosine kinases (RTK): vascular endothelial growth factor receptor 2 (Flk-1/KDR), platelet-derived growth factor receptor, and fibroblast growth factor receptor 1, in a HT29 human colon carcinoma xenograft model using DCE-MRI (29) . They showed a 51% (tumor rim) and 26% (core) decrease in the average vessel PS after only 24 hours of treatment, with a 60% tumor growth inhibition after 14 days. Interestingly, the rim of the tumor, which is generally more angiogenic, experienced the greatest decrease in vascularity. In another example, Lee et al investigated the use of PTK/ZK, an oral angiogenesis inhibitor that specifically targets all VEGF receptor tyrosine kinases (30) . They used a mouse model of metastatic melanoma and employed DCE-MRI on day 0 (baseline) and day 3; reductions in the AUGC were seen by day 3. In another study, Lussanet et al, evaluated DCE-MRI in a mouse melanoma model after the use of the angiostatic compound Anginex, which is thought to disrupt endothelial cell membranes, and TNP-470, which selectively inhibits DNA synthesis in endothelial cells. Studies on day 16 showed a 44% decrease in the K trans value of the tumors in mice treated with TNP-470 and a 64% decrease in K trans in Anginex-treated mice as compared with controls (31). Thus, a variety of pre-clinical experiments support the role of DCE-MRI in angiogenic inhibitory therapy.
DCE-MRI in drug trials -clinical experience
DCE-MRI has been used extensively in Phase I and II clinical trials of angiogenic inhibitors (Figures 2A-E) . PTK787/ZK 222584 (PTK/ZK), a VEGF RTK antagonist has been evaluated with DCE-MRI. Patients with advanced colorectal cancer and liver metastases demonstrated significant reductions in tumor PS and vascularity within 2 days of administration of the drug (30, 32) . Another agent, AG-013736, selectively inhibits the tyrosine kinase activities of all known VEGF receptors and platelet-derived growth factor receptor-ß. Liu et al performed DCE-MRI to evaluate response to AG-013736 in 36 patients with advanced solid tumors (33) . DCE-MRI Medved et al showed significant reductions in AUGC and maximum contrast concentration for tumors treated with SU5416, however, normal liver remained unaffected by this medication (38) .
Thus, quantitative DCE-MRI is being used in clinical trials and is yielding promising results for monitoring early tumor response to anti-angiogenic agents. These preliminary studies also suggest that DCE-MRI may be able to predict the optimal dosing of a selected drug in Phase I trials, whilst showing efficacy at time points as early as two days, which correlated to, and predicted, clinical response. Table 1 .
Validation and limitations of DCE-MRI
LMCM Gadolinium-based DCE-MRI has been evaluated widely in last decade. Typically, the effect of the drug must be large in order to overcome variations caused by the image acquisition process, inter-patient differences and motion artifacts ( Figures 2C-E) , but in most cases this condition is satisfied. Generally, it is felt that the effect of the drug must be >40% in order to be clearly recognized with DCE-MRI, any smaller changes may be simply due to the MRI technique which has a coefficient of variation of approximately 10-20%. Another limitation of DCE-MRI with low-molecular contrast agents is that it is non-specific and will enhance both benign and malignant tissues (39) . Further, due to limited fields of view, only one, or at most a cluster of tumors can be evaluated in a single session leading to potential sampling biases. DCE-MRI is still not widely available, not because hospitals lack the equipment, but because of the lack of standardized acquisition methods and analytic software as well as the lack of reimbursement. Standardized methods of DCE-MRI acquisition and analysis are essential in order for this method to become a standard method of monitoring drug response.
Macromolecular contrast agents in DCE-MRI
Because angiogenic vessels are characterized by large pores or fenestra in the endothelial lumen, macromolecular contrast media are well suited to DCE-MRI. MMCMs range in molecular weight from 5 kDa-90 kDa (cf Gd-DTPA at ~ 600 Da). Their large molecular diameters lead to prolonged intravascular retention and they leak more slowly through normal endothelium, which may make them more selective for the tumor neovasculature than LMCMs. Thus, K trans values obtained with MMCM, whilst lower, may more accurately reflect PS for molecules of a larger diameter and therefore be more selective for angiogenic vessels within tumors. Typically MMCMs employ either Gd or iron compounds to produce an MR signal. Examples of MMCMs include ultrasmall paramagnetic iron oxides, dendrimers ( Figure 2F ), viral particles and liposomes. These agents are still at an experimental stage and only a limited number are undergoing clinical testing.
Because MMCMs are potentially more selective for tumor blood vessels they are also being considered as drug delivery platforms. For instance, it may be possible to embed drugs within the matrix of the MMCM and have them accumulate preferentially at tumor sites because of enhanced permeability and retention (EPR). In the case of particles with a solid iron core, it may be possible to heat those particles externally causing the drug to be released from the particle thus delivering high local concentrations of the drug.
MOLECULAR TARGETED IMAGING

Whilst
DCE-MRI provides functional information, it cannot discern molecular markers of tumor angiogenesis. Because inhibitors of angiogenesis are designed to interfere with specific molecular targets on endothelial cells, it is attractive to consider imaging tests that are based on these molecular features. A growing list of molecularly targeted imaging agents is being developed to image angiogenesis. To date these agents have largely targeted integrins that are over-expressed on angiogenic vessels. However, due to the constraints of sensitivity, the current generation of targeted imaging agents is either PET or SPECT agents. By using advances in immunohistochemistry and scanning electron microscopy, it will be possible to determine the concentration and distribution of these molecular receptors and predict which imaging modalities are feasible as imaging agents.
Selective expression of molecules by tumor blood vessels
An essential property of angiogenesis inhibitors is their preferential effect on tumor vessels over normal blood vessels. Therefore, much effort in the development of angiogenesis inhibitors has focused on the identification of target molecules that are differentially or exclusively expressed on endothelial cells or other components of tumor blood vessels. In principle, agents that target molecules uniquely expressed on tumor vessels could be safely and effectively used alone or conjugated to toxins that destroy blood vessels. The agents could also be used to target contrast agents for clinical imaging and monitoring of anti-cancer therapy. In practice, however, manymolecular targets on tumor vessels are also found to some extent at sites of angiogenesis in wound healing or female reproductive organs and even on normal quiescent blood vessels.
The molecular expression of markers restricted to tumor vessels probably is not a prerequisite for drug efficacy. Molecules involved in VEGF signaling are widely distributed in normal organs, but inhibitors of this pathway have proven to be effective in preclinical tumor models and in human cancer (40, 41) . Although VEGF receptors are present throughout the normal microvasculature, inhibitors of VEGF signaling cause significantly greater regression of tumor vessels than of normal capillaries (42) . Multiple inhibitors of the VEGF pathway are already approved for clinical use and widely administered for treatment of human cancer.
The quest for selective targets on tumor vasculature continues, but no molecule truly specific to tumor vessels has been identified. Promising systematic search strategies have nonetheless emerged. Multiple novel human tumor endothelial markers (TEM) and corresponding mouse homologues have been identified by serial analysis of gene expression (SAGE) (43, 44) . Other potential target molecules on blood vessels or extracellular matrix in tumors have been found by using in vivo phage display (45) (46) (47) (48) . Some of the molecular targets reportedly expressed preferentially at sites of angiogenesis in tumors or elsewhere are listed in Table 2 .
Integrins are another well studied target on tumor blood vessels. The integrin family includes cell surface receptors for extracellular matrix components and receptors involved in leukocyte adhesion and migration. Multiple integrins, including α v β 3 , α v β 5 , α 4 β 1 , and α 5 β 1 , are upregulated on endothelial cells of blood vessels in at least some tumors (19, [49] [50] [51] [52] [53] . The amount of upregulation of  integrin α 5 β 1 increases with tumor progression ( Figure 3A ) (53) .
Evidence that α v integrins α v β 3 and α v β 5 play a key role in angiogenesis is a bit paradoxical because mice deficient in integrin subunits β 3 and/or β 5 have increased angiogenesis and tumor growth (54, 55) . One explanation is that deletion of integrin β 3 or β 5 disrupts immune cell trafficking that helps drive tumor angiogenesis. Regardless of this issue, antibody and peptide inhibitors of integrins α v β 3 and α 5 β 1 are effective in mouse tumor models and are currently in clinical trials for cancer and other diseases (56) .
Integrin α 5 β 1 , which functions as a receptor for fibronectin, is expressed on the abluminal (basal) surface of endothelial cells in contact with fibronectin in the extracellular matrix. However, the integrin in tumors is also expressed on the luminal surface of endothelial cells, perhaps as a reflection of loss of cell polarity (53, 57) . Because of this distribution, anti-integrin α 5 β 1 antibodies in the bloodstream have immediate access to the integrin on endothelial cells in tumors but not in normal vasculature ( Figures 3A-C) (53, 57) . Otherwise, circulating antibodies would have to extravasate to reach α 5 β 1 integrin on the abluminal surface. Although (2, 3) . Staining by anti-integrin α 5 β 1 antibody (red) injected intravenously 10 minutes before sacrifice is weak in the islet (1) but is strong in both tumors (2, 3) . Little staining by the antibody is evident in the acinar pancreas. Bar: 100 µm. Reproduced with permission from (53) . B. Confocal microscopic image of blood vessels (green, stained for CD31) in intestine of adenomoatous polyposis coli (apc) mutant mouse. Anti-integrin α 5 β 1 antibody, which was injected intravenously 10 minutes before sacrifice, stained regions of α 5 β 1 integrin (red) in and around blood vessels of the adenoma but not in the adjacent normal intestine. Bar: 100 µm. Reproduced with permission from (53) . C. Enlargement of boxed region in Figure 3B (59) . B. Luminal expression of β3 integrin in RIP-Tag2 tumor blood vessels. Confocal images show heterogenous expression of β3 integrin (CD61, red) in blood vessels (green, stained for CD31). Antibody to β3 integrin was injected intravenously before sacrifice. Bar: 50 µm. Reproduced with permission from (59). C-E. RGD-4C phage localization decreases in blood vessels after VEGF inhibition. Reproduced with permission from (59). C. RGD-4C phage (red) co-localizes extensively with tumor blood vessels (green, stained for CD31) in RIP-Tag2 mouse treated with vehicle for 7 days. Bar: 100 µm. D. A few surviving blood vessels (green) following VEGF inhibition for 7 days contain variable and lower amounts of RGD-4C phage (red, arrow) than vessels in vehicle-treated mice. Bar: 100 µm. E. Quantification of mean RGD-4C phage vessel area density in islet blood vessels of mice treated with vehicle or VEGF inhibitor for 7 days. (* = Significantly different, P < 0001).
tumor vessels are leaky to antibodies, extravasation does not occur uniformly in tumor vasculature (53, 57) . Antibodies tend to extravasate and accumulate in patchy regions around tumor vessels and do not achieve a uniform distribution even after 24 hours (53, 57) . The accessibility of the integrin on tumor vessels makes the integrin an attractive target for macromolecular diagnostics and therapeutics administered via the bloodstream.
Integrin α 5 β 1 , like integrins α v β 3 and α v β 5 , binds the arginine-glycine-aspartic (RGD) tripeptide sequence. Agents containing RGD peptides have thus been used to target tumor vessels (58) . The selectivity of RGD targeting of tumor blood vessels has been confirmed by imaging the in vivo distribution of bacteriophage that are genetically engineered to express the cyclic peptide RGD-4C (59) . RGD-4C phage selectively accumulate on tumor vessels known to express RGD-binding integrins on their luminal surface, but not on adjacent normal blood vessels that lack the integrins (Figures 4A-B) (53, 57, 59 ).
Inhibition of VEGF signaling, which causes a rapid reduction in tumor vascularity, produces a profound reduction in expression of α 5 β 1 integrin on surviving tumor vessels ( Figures 4C-E) (59) . It is unclear whether this property will significantly impact the use of integrin targeted contrast agents to monitor anti-VEGF therapy of tumors (58).
Targeted angiogenesis imaging
A challenge to the molecular imaging of angiogenesis is that vessels comprise only a small percentage (less than 5%) of a tumor's mass so there are a relatively low number of targets in comparison to tumor cells, thus imaging needs to be very sensitive to detect low concentrations of the molecularly-targeted contrast agent (60) . Because the number of targets is relatively small, currently only PET, SPECT and optical agents have sufficient sensitivity to be used in this manner. Despite limitations in their spatial resolution, PET and SPECT imaging are more likely to enter the clinic as targeted angiogenesis imaging methods than is MRI, indeed, clinical PET agents targeting the integrin αvβ 3 are already under development. Optical imaging is less likely to be used as a clinical modality because of the limited penetration of light in tissue, however, for the purposes of drug development, optical imaging in mice is more cost effective than the other modalities.
Since αvβ 3 integrin binds proteins displaying the triple amino acid sequence arginine-glycine-aspartic acid (RGD) it is a candidate for targeted imaging (61) . RGD ligands linked to contrast agents, can potentially target the α v β 3 integrin. A number of carrier molecules can transport the RGD peptide to its target and enable delivery of a therapeutic payload, or contrast agent for imaging. For instance, viruses have been studied, notably adenovirus-RGD (62) . Peptidomimetics are organic molecules that can mimic the short protein sequence RGD, to allow targeting of the α v β 3 integrin. Their small size means multiple peptidomimetics can be conjugated to a single carrier molecule, thus achieving a higher affinity, through binding several cell surface receptors simultaneously. Alternatively, integrin antagonists can be used for targeting. The integrin antagonist SU015 has been shown to preferentially bind to the α v β 5 and αvβ 3 integrins in vitro (63) . Disintegrins are a class of low molecular weight, RGD-containing, cysteinerich peptides isolated from the venom of various snakes (64) . Echistatin is an example and has been shown to be an active inhibitor of both α v β 3 and α 5 β 1 integrins (65), offering another means of targeting imaging agents to these angiogenic markers. Greater specificity can be provided via monoclonal antibodies (mAb) directed at α v β 3 (66) , however, the larger size of the mAb means higher background signal in the vessels and it may be difficult to distinguish specific from non-specific vascular activity. Sipkins et al employed MR to detect angiogenic 'hot spots' within rabbit tumors using LM609 mAb targeting of polymerized vesicles containing Gadolinium (67) .
PET agents employing 18 F-labeled glycopeptides containing RGD sequences can be utilized to target angiogenic endothelial cells expressing the respective integrins ( Figure 5A-B) . Houston et al used a dual labeled peptide for PET and near infra-red optical imaging to investigate endothelial integrins (68) . αvβ 3 integrin positive melanoma xenografts showed similar tumor-to-background ratios for both modalities, but a significantly higher signalto-noise ratio with the optical images. Wu et al investigated 18 F-labeled tetrameric RGD peptide tracers in subcutaneous glioma xenografts (69) . Micro-PET demonstrated significant uptake and good contrast within the tumors and specificity was proven by using a negative control to block αvβ 3 integrin receptors. The same group has recently demonstrated that a dimeric-RGD peptide labeled with a PET emitter can achieve a good linear relationship of signal to tissue integrin level (70) . A variety of other PET imaging probes for imaging angiogenesis, and hence potentially anti-angiogenic effects, have been synthesized, including perfusion tracers such as 15 O-labeled water (71) , and monoclonal antibodies against VEGF (72) .
It should be noted that while PET or SPECT imaging offer the greatest potential for clinical translation of targeted angiogenesis imaging, the ability to target the α v β 3 integrin experimentally has also been demonstrated by US, MRI ( Figure 5C-D) , and optical imaging. Winter et al, for instance, have successfully demonstrated MR imaging of αvβ 3 integrins in areas of angiogenesis, using a perfluorocarbon emulsion nanoparticle containing Gd and targeting via peptidomimetics. They demonstrated a 126% increase in MR signal, pre-dominantly in the periphery of the tumor, but also in vessels proximal to the tumor in the VX-2 rabbit tumor model. Histology confirmed the presence of neo-angiogenesis within these areas. They have also used rabbit models of atherosclerosis, showing ~50% increase in MR signal in the angiogenic areas that surround the plaque, as confirmed by immunohistochemistry (73) . This group used the same imaging methods for a murine model of melanoma. Contrast enhancement of angiogenesis within the tumors increased by 173% after targeted imaging. Mulder et al have produced liposomes with conjugated α v β 3-specific RGD peptides (74) . The liposomes contained Gd and fluorescein-PE, making them amenable to MR and fluorescence imaging. MR demonstrated increased enhancement in areas of angiogenesis, whilst ex vivo fluorescent microscopy confirmed binding of the liposomes to the activated tumor epithelium. Ellegala et al have used contrast enhanced US to image microbubbles targeted to endothelial αvβ 3 integrin (75) . Using RGD-bearing echistatin conjugates for targeting, they imaged murine glioma xenografts at 14 and 28 days post implantation. Microbubble adhesion was established by in vivo confocal microscopy. Immunohistochemistry was used to confirm the expression of αvβ 3 integrin in these areas. US may also be used to increase targeting efficiency. Application of acoustic energy as an US pulse has been shown in vitro to increase the adhesion of microbubbles to the endothelium as much as 20 fold when they are targeted to αvβ 3 (76) . Targeted optical imaging has also been used to image αvβ 3. Cheng et al evaluated Cy5.5-conjugated mono-, di-, and tetrameric RGD peptides in a subcutaneous glioblastoma xenograft model in order to investigate the effect of multimerization of RGD peptide on integrin avidity and tumor targeting efficacy (77) . They reported that the multimerization of RGD peptide on Cy5.5 results in moderate improvement of imaging characteristics of the tetramer, compared to that of the monomer and dimeric counterparts. Aina et al synthesized a new peptide called "OA02" and labeled with near-infrared probes, that binds to alpha3 integrin subunit on ovarian adenocarcinoma cells. After intravenous injection of OA02 in ovarian tumor-bearing mice it displayed highly specific tumor uptake within 15 minutes which persisted for 70 minutes (78). Significant barriers related to sensitivity with MRI and depth penetration with optical imaging need to be overcome before clinical translation is possible for these imaging modalities.
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